The realistic simulation of tool-tissue interactions is necessary for the development of surgical simulators and one of the key element for it realism is accurate bio-mechanical tissue models. In this paper, we determined the mechanical properties of soft tissue by minimizing the difference between experimental measurements and the analytical or simulated solution of the deformation. Then, we selected the best model parameters that fit the experimental data to simulate a bonded compression and a needle indentation with a flat-tip. We show that the inverse FEM allows accurate material property estimation. We also validated our results using multiple tool-tissue interactions over the same specimen. 
Introduction
The realistic simulation of surgical procedures has been considered to be an effective and safe method for the development of surgical training and planning by emphasizing on real-time interaction with medical instruments and realistic virtual models of patients. Surgical simulators have been developed for a wide range of procedures and they can be classified into three main categories: needle-based, open, and minimally invasive surgery (MIS). Neurosurgical needle insertion (NI) is a type of MIS that is performed with a restricted field of view, displaced 2D visual feedback, and distorted haptic feedback. To simulate realistic surgical interventions for NI into the brain, it is necessary to implement algorithms that are accurate and computationally efficient [1] . Furthermore, the accuracy of planning in medical interventions and the credibility of surgical simulation depend on soft-tissue constitutive laws, representations of the surgical tools, organ geometry, and boundary conditions imposed by the connective tissues surrounding the organ [2] . Much research and development have been devoted to training surgeons in MIS using visual and haptic feedback, but the accurate characterization of soft tissue models is critical for haptic simulation and remains an open research area [3] .
Techniques to acquire soft tissue properties are difficult. Some researchers have evaluated soft tissue properties in-vivo, ex-vivo, or in phantom tissues, using stretch tests [4] , aspiration experiments [5] , compression tests, and needle insertion, for linear [6] and non-linear bio-mechanical models [7] . In all these cases, researchers showed that their material models fit correctly with the experimental data acquired during a material calibration procedure. However, they did not evaluate the estimated material properties in different experimental setups that resemble real-world procedures. In this paper, a material model of a silicone rubber with properties close to brain tissues was estimated using different experimental setups (standard compression, bonded compression, and flat-tip needle indentation). Initially, the material parameters are estimated by performing a standard compression test and by comparing an analytical deformation solution to the experimental data. Following this initial estimation, the simulated deformations are compared and validated with the ones resulting from bounded compression and needle indentation using inverse Finite Element Methods (FEM). This paper is organized as following. We first, review the related work on tissue characterization in Section 2. We also review the theoretical foundations of hyperelastic models in Section 3. Sections 4, 5, and 6 describe the methods, experiments, and results to calibrate a material model using a standard compression test, bonded compression test, and an indentation experiment, respectively. We then conclude and discuss future work.
Related Work
To produce a realistic approximation of soft tissue in surgical virtual environments, it is necessary to develop accurate mathematical models that predict its behavior. Tissue characterization consists of estimating material properties using measurements of tool-tissue interaction forces and deformations. Some researchers use indentation [6] , [7] , others consider stretching [4] , aspiration [5] , ing.cienc., vol 8, n
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compression [8] , and vibration [9] . Results have been reported for different organs of animals and humans, such as the liver [10] , the brain [11] , [12] , and the kidney [7] . Some researchers have used ex-vivo experiments and phantom tissues, as they allow precise control of the sample and experimental conditions for modeling [6] , [13] .
Some materials can be successfully defined by very simple approximations based on Hooke's Law, as shown by DiMaio and Salcudean in [6] . However, more complex materials, such as liver, kidney, and brain, require the use of viscoelastic and hyperelastic models. Kim et al. [7] determined the hyperviscoelastic properties of intra-abdominal organs in-vivo using an indentation device. As mentioned earlier, previous work on tissue calibration did not evaluate and validate model performance in different conditions. For instance, Miller et al. [11] demonstrated that swine brain tissue is considerably softer in extension than in compression.
Theoretical Foundations
Biomechanics seeks to understand the mechanics of living systems. We focused our study on the deformation and displacement of a continuous material when subjected to the action of different stresses and forces. The definitions in this section come from the continuum mechanics theory presented by Fung in his books [15] , [14] and the notation is according to the book by Bower [16] . This section presents the hyperelastic constitutive laws to approximate brain tissue behavior. An extensive overview of continuum mechanics is beyond the scope of this section, but [16] , [15] and [14] provide a good introduction to this subject and its applications to living tissues.
Hyperelasticity
Different constitutive laws are used to model the mechanical response of a material according to its behavior [16] . These models are obtained by fitting experimental measurements to a set of equations that relate stresses and strains. Hyperelastic models are required when the material is subjected to finite displacements, whereas elastic theory is restricted to infinitesimal displacements. Hyperelasticity constitutes the basis for more complex material models such as viscoelasticity and tissue damage [17] . The constitutive equation for a hyperelastic material is derived from an analytic function of the strain energy density (W ) with respect to the deformation gradient tensor (F ij ). The strain energy can be defined in terms of the invariants (I 1 , I 2 , I 3 ) of the left Cauchy Green deformation tensor (B ij ), the alternative invariants (Ī 1 ,Ī 2 , J) of B ij , or in terms of the principal stretches (λ 1 , λ 2 , λ 3 ), as shown by:
Later, W is related with the Cauchy Stress Tensor (σ ij ) to model the behavior of a hyperelastic material and is defined by:
where F and J denote the deformation gradient tensor and its Jacobian, respectively. Depending on the complexity of the function W , different features such as nonlinearity and anisotropy can be added into the model [17] . Soft biological tissues can be approximated as nearly incompressible materials because of their high water content. To model fully incompressible materials using any of the previous models, one simply needs to set the Jacobian equal to 1. 
Analytical Solution of an Uniaxial Compression Test
In a simple uniaxial compression test, the material is submitted to a stresses created by holding the material between two lubricated plates to avoid lateral stresses (see Fig. 1 ). Let's assume that the material is incompressible, homogeneous, and isotropic material. Therefore the transverse strains ε 22 and ε 33 ‡ are considered to be the same. Using the Poisson's ratio (ν), one can relate the transverse strains with the axial strain ε 11 as following: (1 + ε 22 ) = (1 + ε 33 ) = (1 + ε 11 ) −ν , where the principal stretches are defined in terms of the principal nominal strains by: λ i = 1 + ε ii . Additionally, the deformation gradient tensor (F ) can be also expressed in terms of λ i as shown by Eq. 2. To satisfy the assumption of an incompressible material, the Jacobian (J) should be equal to 1. Therefore,
Considering that this procedure will be the same for the rest of the material models, an analytical solution for a Neo-Hookean material can be easily determined. From Eq.1 the stress-strain relationship from the strain energy density can be deduced [16] :
is perpendicular to the applied load and ε11 is in the same direction of the load. Now, defining the left Cauchy-Green deformation tensor as B ij = F ik F jk and using Eq. 2, the normal stress for an incompressible Neo-Hookean material is given by σ 11 = 2C 10 (
. Using the relationship between strains and stresses during a uniaxial compression test, the normal components of the Cauchy Stress can be defined in terms of the principal stretch in direction of the load application:
. Knowing that the relationship of the Cauchy stress with the nominal stress is given by S ij = JF −1 ik σ kj , we can define the following nominal stresses (S ij ):
We rather use nominal stress instead of the Cauchy stress, because S ij corresponds to the internal force per unit of undeformed area acting within a solid, which is easier to determine during an experimental procedure. The constitutive equations for the Neo-Hookean, Reduced Polynomial, Mooney Rivlin, and Ogden models are respectively:
2 nd Order Reduced Pol.:
Ogden Form:
).
Experimental Setup: Uniaxial Compression Test
As shown by Francheschini et al. [18] , human brain tissue is similar to filled elastomers, and can be modeled by a nonlinear solid with small volumetric compressibility. Girnary [19] also highlights that silicone brain phantoms are a good approximation to simulate brain behavior. Other additional studies use silicone rubber phantoms (such as Ecoflex ) to successfully simulate the behavior of human tissue [20] , [21] , [22] , [23] .
The parameters for four different hyperelastic models were estimated to simulate the mechanical behavior of a platinum-cure silicone rubber submitted to a compression test. The silicone rubber is called Ecoflex 00-10 (from Smooth-On, Inc.) where a proportion (20%) of a softener called "Slacker" (also from Smooth-On, Inc.)
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was used to simulate brain tissue. Each component of the rubber solution was evenly mixed according to the recommendations of the manufacturer and then formed into a cylindrical mold of 80 mm diameter and 70 mm height. Experimental setup for the compression test of a silicon rubber (Ecoflex -0010) cylinder. The surfaces were lubricated and the specimen was compressed to a strain of 0.14 A force/torque sensing sensor was installed on a laparoscopic grasping tool and was calibrated by the manufacturer (ATI, Industrial Automation). The maximum error in the Z axis (the needle axis) is 0.75% of its full-scale load. This calibration was done at a constant 22 • C. The force/torque sensor (ATI Mini40 SI-40-2) had a resolution of 0.02 N and was attached to a laparoscopic grasping tool, which was fixed to a rigid plate (see Fig. 2 ). The contact areas were lubricated with talcum powder in order to minimize lateral friction. The plate was displaced using a Phidget bipolar stepper motor to compress the tissue at a constant velocity of 0.248 mm/s (based on [24] , [25] , [26] , [18] , [12] ), until the plate was displaced by 10 mm.
Methodology
A C++ program was developed to integrate the measurements of forces (given by the f/t sensor) with displacements (given by the motor) using the time (in milliseconds) as a reference. We assumed that the experiment occured under symmetric conditions, with a homogeneous, isotropic and incompressible material, and that imposed deformations were small compared with the original size of the cylinder. Hyperelastic models defined by the equations (4), (5), (6) and (7) were selected to estimate the mechanical response of the specimen. To calibrate the material parameters, we minimized the square of the absolute error between the stress-strain curve obtained with the analytical solution with the experimental measurements (see Fig. 3 ). The use of absolute errors instead of relative errors is justified as it provides a better fit for large strains (deformations bigger than 0.05mm). The experimental nominal stress (S 11 ) was found by dividing the reaction force at every sample point by the undeformed contact area. The nominal strain corresponded to the displacement of the plate divided by the un-deformed height of the cylinder. Once the material parameters were obtained, their reliability was evaluated using the Drucker stability test [16] . This stability criterion for an incompressible material establishes that the work done by the traction through the displacements must be positive or zero. This condition is satisfied when the stress-strain relation is bigger or equal to zero (∆τ ij ∆ε ij ≥ 0), where ∆τ ij is the change in Kirchhoff stress, and ∆ε ij is an infinitesimal change in displacement. The stability criterion is violated wherever the stress decreases with strain in tension, or increases with strain in compression [16] , [27] . For the Neo-Hookean material model, the Drucker stability is satisfied when the coefficient C 10 is ing.cienc., vol 8, n
positive.
Results
Figure 4: Stress-strain relationship for a standard compression test and its comparison with the analytical solution using different hyperelastic material models.
The stress-strain experimental curve for the uniaxial compression test and the four predicted curves using the different hyperelastic models are shown in Fig. 4 . To calculate the error, we picked data points at evenly spaced strain intervals over the range of strains that we will require later to do needle indentations. To facilitate the interpretation of the results, it is also reported in Table 1 where the R-squared values for each fitting result is shown. The Drucker stability test showed that the four models were stable for all strains. Table 2 shows the corresponding initial Young's Modulus (E 0 ) and initial shear modulus (µ 0 ) obtained with each of the fitting parameters. Four material models were used, Neo-Hookean, second order Reduced Polynomial, Mooney Rivlin, and Ogden Form were tested. The reduced polynomial gave the best fit (R − squared = 0.99971) at the same time of being the most stable based according to the Drucker criterium. The parameters for this model are: C 10 = 1404.9 and C 20 = 699.4 which correspond to an initial Young's Modulus of 8.4 kP a.
Characterization of Soft Tissue Using Inverse FEM and a Bonded Compression Test
In more complex scenarios, the use of an analytical solution in the calibration of a material is not really feasible. Therefore, solving the stress-strain differential equation by using a numerical approximation emerges is a good alternative.
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Inverse Finite Element Method
FEM gives a numerical approximation to the solution of a partial differential equation. Usually to solve this type of problems, one have to know the boundary conditions, material properties, and the geometry in order to determine the stress-strain (or force-displacement) relationship at any node in the domain. If one assumes that the material properties are unknown and that the forcedisplacement relationship, the geometry, and boundary conditions are known then an inverse-FEM can be used to determine the material properties by running multiple FEM simulations with different parameter values. The optimal parameter estimate correspond to the force-displacement relationship that is the closest to the experimental measurements. This procedure is showed in Fig. 5 . 
Bonded Compression Test
The use of compression testing to determine the mechanical behavior of a material is widely known and used. Contrary to this simple compression test, the bonded compression test does not include the use of lubricant between the rigid plates and the phantom tissue. As a result the rubber is compressed and it expands laterally; this is called the "barrelling effect". Previous works have determined the analytical solution of this deformation for an elastic material [8] , [28] , [29] . However, the solution for more complicated material models (such as viscoelastic and hyperelastic) is not trivial.
Experimental Setup
Using the same material specimen as before, we applied compressive forces without the use of lubricant and executed the experiment three times in order to validate the measurements. The force sensor, motor, temperature, displacement of the plate, and the velocity of movement, were the same.
Methodology
Based on the experimental measurements, the material properties were determined using the method described in Fig. 5 . Multiple FEM simulations were computed keeping the same geometries and boundary conditions except for the friction between the plates and the tissue. Additionally, we optimized the material properties to minimize the error between experimental measurements and the FEM results.
Because a cylindrical sample was used, one could also analyze this 3-D problem as an axis-symmetric formulation reducing the problem to a 2D scheme. Based on [31] , [30] , [32] the friction coefficient between silicone rubber and steel ranges between 0.6 to 0.9. We ran multiple simulations using these various friction coefficients and did not find any significant differences either in the prediction of the reaction forces nor in the geometrical changes. In consequence, we used a friction coefficient of 0.7 in all our simulations. We simulated bounded compression in ABAQUS 6.10 EF2 as the contact between a rigid plate and silicone rubber specimen. The discrete rigid bodies were two lines composed by 10 linear line elements of type RAX2 and 11 nodes. Each rigid body had a reference point where we applied boundary conditions. The axis-symmetric deformable model corresponded to a square of 40 mm by 70 mm, with 500 linear quadrilateral hybrid elements of type C4X4RH and 546 nodes. The mesh size was graded to be more refined close to the areas where we expected higher deformations and coarse near to the axis of revolution. In all simulations, we allowed nonlinearities, for the material model and for large geometric deformation. We delimited position constraints for the three parts that were provided for our simulation. The edges of the rigid parts ing.cienc., vol 8, n
were coincident with the upper and lower surface of the deformable body. At the contact, we defined a penalty method, where the tangential behavior had the friction coefficient equal to 0.7. This boundary condition completely restricted the displacement and rotation of the RP-B. The RP-A was displaced 10 mm in y-direction during 40.32 s (which ensured a compression velocity of 0.248 mm/s), its displacement in X and rotation around Z was fixed to be zero. Finally, we also applied a symmetric boundary condition in the X direction.
Because this study required a nonlinear optimization, the solution was found by specifying the loading as a function of time, which allowed us to obtain the nonlinear response. Therefore, for each time increment ABAQUS solved the system of equations using the Newton optimization method. The integration time steps was defined between 1.25 × 10 −5 and 0.25. Once the solution for a specific set of material properties was found, an optimization algorithm determined a new set of parameters to redo the FEM simulation (this steps were done in PYTHON). With the initial guess we used a LevenbergMarquardt optimization algorithm to find the material coefficients that fits better the experimental measurements. We used a Python program to manage the inputs and outputs directly from ABAQUS, to estimate the error, process the output, modify the material properties, and re-submit a new simulation until the convergence is achieved. Finally, we validated the stability of the material using the Drucker stability test.
Results
The figure 6 shows the geometrical changes of a Silicon Rubber cylinder submitted under compressive forces without lubricant. To visualize the behavior of the force/displacement (f /d) curve for the material at higher deformations, we also submitted the tissue to a bonded compression test that displaced the plate up to 30 mm (see Fig. 7 ). In that case, it was obvious the curvature of the f/d relationship. But, because we are interested in brain needle insertion applications, we do not require indentations that produce strains bigger than 0.14 (bigger than 10 mm using this specimen). Therefore, we will focus in the definition of a material model that accurately fit the region of strains lower than 0.14. For 10 mm displacement, the f/d measurements are reported in Fig. 8 . We also include the previous f/d data for a standard compression test, in order to facilitate the comparison with the three replicas of bonded compression test. As one can see, the three curves for bonded compression test are very closed to each other. As expected, the reaction forces in the plate were higher during a bonded compression test compared to a standard compression test.
To ensure an efficient simulation, before we ran the experiments, we refined the mesh until the error of the simulation with respect to the experimental data did not change significantly. For the following experimental runs, we kept the same mesh parameters.
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To define the initial guesses for the material parameters (C 10 and C 20 in the Second order Reduced Polynomial model) we used different values until we determined a set of parameters that give a behavior closed to the experimental measurements. We called this process "Manual Optimization" and Fig. 9 shows the results that provided an initial set of material properties. This reaction force was calculated in ABAQUS at the reference point of the rigid body (the plate). As one can see the closest group of parameters corresponded to C 10 = 1400 and C 20 = 600, which is already closed to the coefficients determined by the analytical solution (C 10 = 1404.9 and C 20 = 699.4).
Using a Levenberg-Marquardt Optimization algorithm and the initial set of material properties, we ran multiple FEM simulations to determine the optimal material coefficients. Table 3 shows the square of the absolute error obtained for each run of the FEM simulation. The optimal set of parameters calibrated under a bonded compression test for the second order Reduced Polynomial model are: C 10 = 1420.662 and C 20 = 598.436. Additionally, Fig. 10 plots the stress distribution over the cylinder the maximum deformation is achieved. Finally we validated the stability of the material using the Drucker stability test.
Tissue Characterization Using Needle Indentation
As mentioned previously, the characterization of soft tissue is required in the development of accurate surgical simulators. In order to do so, one needs new devices, methods, and techniques that allow the characterization of soft tissue in-vivo. To obtain material properties during a compression test is simple, fast, and accurate, using an analytical solution. However, this experimental setup cannot deal with in-vivo measurements. In this paper, we propose a new needle indentation test which could be an excellent alternative to characterize in-vivo tissues properties without creating damages. Different studies [3] , [10] have been done in the simulation of "needle insertion" but very little on needle indentation. To simulate needle indentation there is no simple analytical solution to the problem. This is because there are many factors that vary at every step right after a needle touches the soft tissue. Depending on the shape of the needle, the reaction force direction will be different. Additionally, the contact area changes depending on the needle shape and the distance of penetration. To solve the problem, we use an inverse FEM method which assumes that the needles are rigid and that the problem can be reduced to an axis-symmetric condition.
Methodology
We assumed the needle had a flat tip of 16 mm diameter and was indented by 10 mm. We used a friction coefficient of 0.7 in our simulation. We simulated the flat needle indentation on the hyperelastic cylinder. Both rigid bodies had reference points where we imposed the boundary conditions. The axis-symmetric object was modeled as a rectangle of size 40 mm by 70 mm, with 500 quadratic quadrilateral hybrid elements of type C4X8RH and 1601 nodes. The mesh size was graded to be more refined close to the indenter and coarse near the model boundaries. Fig. 11 shows the boundary conditions that ing.cienc., vol 8, n
were to the rigid bodies and to the soft tissue. As for the time integration it is defined 1.209×10 −4 was the minimum increment size and 2 was the maximum increment. Because this simulation is more computationally expensive, the program ran in parallel on 4 processors. As the initial guess we used the results of the previous characterization (C 10 = 1420.0 and C 20 = 598.0). Again, we implemented a Levenberg-Marquardt Optimization algorithm to obtain the optimal material properties. Finally, and once we obtained the optimal set of parameters, we validated their stability using the Drucker test.
Experimental Setup
We used the same specimen of the previous experiments and without adding any type of lubricant, we indented a steel flat punch of 16 mm diameter until the tissue was deformed by 10 mm. We repeated the experiment three times to ensure the validity of the measurements. The force sensor, motor, temperature, and velocity of the movement were the same as in the previous experiments. 
Results
The deformation in the specimen under a flat indentor can be seen in Fig. 12 , shows the force/displacement curves for each repetition of the same experiment. The results for every iteration can be found in Table 4 , where the best fit is highlighted in grey. We also plot the f/d relationship where we compared the experimental measurements with the FEM prediction using the optimal set of material properties with ABAQUS (see Fig. 13(a) ). 
Conclusion and Future Work
We developed a comprehensive study for the characterization of soft tissue using the inverse finite element method. The validations of the material properties could be done in multiple ways, like using different tool-tissue interactions, comparing the simulated results with experimental measurements of force/displacement plots, and evaluating the geometrical changes with the simulated and real specimen. In this study, we started with simpler simulations, i.e. compression test in a cylinder, until we reached our final destination: needle indentation into a brain phantom tissue.
In our study, we submitted the cylinder to compressive forces with lubricant, and we calibrated the material using an analytical solution. We obtained the parameters for the Neo-Hookean, Reduced Polynomial, MooneyRivlin, and Ogden material models, and we determined if they were stable for all strains using the Drucker stability criterium. We concluded that the second order reduced polynomial model is the best approximation to the experimental data. To validate the results, we re-calibrated the same cylinder using a bounded compression test using an axis-symmetric FEM simulation in ABAQUS, and a second order reduced polynomial model. We observed the estimated material properties were very close to the standard method.
The final step was to study indentations of a flat-tip indenter with softtissues. As mentioned earlier, the final aim of this study was to contribute in the development of surgical simulators, which requires fast and accurate models. Therefore, it was important to analyze how much the simulation could be simplified. Therefore we probed that using an axis-symmetric FEM simulation with hyperelastic materials, we successfully at calibrating the sample. Again, the parameters were very similar to the ones obtained with compression tests.
Future work will explore FEM simulations with higher complexity, i.e. for a conical-shaped needle, using an viscoelastic material models, 3D simulations, different geometries and in-vivo measurements.
